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(57) ABSTRACT

An electron emission device includes an anode, a cathode, an
electron emitter structure, and an electron extraction elec-
trode. The cathode is spaced from the anode. The electron
emitter structure is electrically connected to the cathode. The
electron extraction electrode is insulated from the cathode.
The electron extraction electrode defines a through hole sur-
rounded by a sidewall, and the electron emitter structure faces
to the sidewall. The electron emitter structure includes a
number of electron emitters extending toward the sidewall,
each of the number of electron emitters includes an electron
emission terminal, a first distance between each electron
emission terminal and the sidewall is substantially the same,
a second distance between the electron emission terminal and
the anode is greater than or equal to 10 micrometers and
smaller than or equal to 200 micrometers, and a pressure in
the electron emission device is smaller than or equal to 100
Pascal.

20 Claims, 10 Drawing Sheets

= 200
’




U.S. Patent Apr. 5, 2016 Sheet 1 of 10 US 9,305,738 B2

10 -
N

14
Y. g
‘ S 11p
o
- 1140
1060 Kme 14
\ |/ %
/ 110
A T
) L 104
\;i\\ N N NN N
P I SIIIIN, — 102
) |
1080 / e
10604 10602 1100

FIG. 1



US 9,305,738 B2

Sheet 2 of 10

Apr. 5, 2016

U.S. Patent

ARy

c

F1G,



U.S. Patent Apr. 5, 2016 Sheet 3 of 10 US 9,305,738 B2

100 —

1140-\\\ 14
7 — 112
18—k \\
114 — ‘
- \_ N15
15 \\\4 7] T r
1100-—~><M \ JR Xi\ 106
110 | - N 10602
108 A |
D NN~ £ AN
102 —PH g %
14 X774 1@
1080, _
104 1060 10604 116

FIG. 3



U.S. Patent

Apr. 5,2016 Sheet 4 of 10 US 9,305,738 B2
,/‘ 200
204 206 -
\\ 210 212 ) 508 \

l \D\EDDDD
202 — a0 I
106 “'/

102 — 116 //

F1G. 4



U.S. Patent Apr. 5, 2016 Sheet 5 of 10 US 9,305,738 B2

20 —
- 14
2 9
112
/f 1120 114
106 ,
- 7
_f 110
o : s \\ 108
; i bt T
RN }]\}\\H\\ 5— 104
N N /}/ 4— 102
1080 116 / /
1100

FIG. S



U.S. Patent Apr. 5, 2016 Sheet 6 of 10 US 9,305,738 B2

F1G. 6



US 9,305,738 B2

Sheet 7 of 10

Apr. 5, 2016

U.S. Patent

S

v

F1G.



U.S. Patent Apr. 5, 2016 Sheet 8 of 10 US 9,305,738 B2

—- 300
p
202 212 206~
\ 210 208 \
x
l mhoooo
204 —1/ Nooa 1
106 ,_,/ .
ey -
] ..'a’.mm:?*iltlu&Eﬁ:ﬂan L
/ |
T e L L
102 - 116 108 ;g4 110

F1G. 8



U.S. Patent Apr. 5, 2016 Sheet 9 of 10 US 9,305,738 B2

,/‘30

— 14

1060+
1182

FI1G. S



U.S. Patent Apr. 5, 2016 Sheet 10 of 10 US 9,305,738 B2

—— 40
/
14
174 3
— 112
— 1120
// o 114
| 106 '
, .
1060‘? \ 110
2182+ R, -
¥ § 7108
NNNERESS TR s 104

e
AN //V/(J/ 102
/

1080 e

FIG. 10



US 9,305,738 B2

1
ELECTRON EMISSION DEVICE AND
REFLEX KLYSTRON WITH THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims all benefits accruing under 35
US.C. §119 from China Patent Application No.
201410288346.6, filed on Jun. 25, 2014 in the China Intel-
lectual Property Office, disclosure of which is incorporated
herein by reference.

BACKGROUND

1. Technical Field

The present disclosure relates to a electron emission device
and a reflex klystron with the same.

2. Description of Related Art

In general, the THz wave refers to a electromagnetic wave
in which the frequency ranging from 0.3 THz to 3 THz or 0.1
THz to 10 THz. The band of THz wave lies between the
infrared wave and the millimeter wave. The THz wave has
excellent properties. For example, THz wave has certain abil-
ity to penetrate objects, and the photon energy is small, thus
the THz will not cause damage to the objects. At the same
time, a lot of material can absorb the THz wave.

The reflex klystron is used to emit electromagnetic wave.
In order to emit THz wave, the feature size of the reflex
klystron should be small and the current density of the elec-
tron rejection should be high. However, the traditional reflex
klystron adopts silicon tips as the emitter, thus the feature size
is large, and the current density of the electron rejection is
small.

What is needed, therefore, is an electron emission device
and a reflex klystron that overcomes the problems as dis-
cussed above.

BRIEF DESCRIPTION OF THE DRAWINGS

Many aspects of the embodiments can be better understood
with reference to the following drawings. The components in
the drawings are not necessarily drawn to scale, the emphasis
instead being placed upon clearly illustrating the principles of
the embodiments. Moreover, in the drawings, like reference
numerals designate corresponding parts throughout the sev-
eral views.

FIG. 1 is a schematic view of one embodiment of an elec-
tron emission device.

FIG. 2 is a scanning electron microscope (SEM) image of
a carbon nanotube array in the electron emission device.

FIG. 3 shows a schematic view of one embodiment of a
field emission display unit.

FIG. 4 shows a schematic view of one embodiment of a
reflex klystron.

FIG. 5 shows a schematic view of another embodiment of
an electron emission device.

FIG. 6 shows a SEM image of carbon nanotube wire struc-
ture in the electron emission device.

FIG. 7 shows a transmission electron microscope (TEM)
image of a tip in the carbon nanotube wire structure.

FIG. 8 shows a schematic view of another embodiment of
a reflex klystron.

FIG. 9 shows a schematic view of another embodiment of
an electron emission device.

FIG. 10 shows a schematic view of another embodiment of
an electron emission device.
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2
DETAILED DESCRIPTION

The disclosure is illustrated by way of example and not by
way of limitation in the figures of the accompanying drawings
in which like references indicate similar elements. It should
be noted that references to “an” or “one” embodiment in this
disclosure are not necessarily to the same embodiment, and
such references mean at least one.

References will now be made to the drawings to describe,
in detail, various embodiments of the present ionization elec-
tron emission device.

Referring to FIG. 1, an electron emission device 10 com-
prises an insulating substrate 102, a cathode 104, an electron
emitter structure 106, an insulating layer 108, an electron
extraction electrode 110, and an anode 112.

The cathode 104 is spaced from and opposite to the anode
112. The electrode emitter 106 is electrically connected to the
cathode 104. The electron extraction electrode 110 is insu-
lated from the cathode 104 via the insulating layer 108.

The cathode 104 is located on a surface of the insulating
substrate 102. The insulating layer 108 covers the cathode
104. Furthermore, the insulating layer 108 defines a plurality
of first openings 1080, a first portion of the cathode 104 is
exposed through the plurality of first openings 1080, and a
second portion of the cathode 104 is covered by the insulating
layer 108. The electron emitter structure 106 is located on the
first portion of the cathode 104 and electrically connected to
the cathode 104. The electron extraction electrode 110 is
located on the insulating layer 108. The electron extraction
electrode 110 is spaced and insulated from the cathode 110
via the insulating layer 108. The electron extraction electrode
110 defines a through hole 1100, and the first portion of the
cathode 104 is exposed through the through hole 1100. In one
embodiment, the electron emission device 10 comprises a
fixed part 114. The fixed part 114 is located on the electron
extraction electrode 110 to fix the electron extraction elec-
trode 110 to the insulating layer 108.

The insulating layer 108 can be directly located on the
cathode 104. Furthermore, the insulating layer 108 can also
be located on the insulating substrate 102. The cathode 104 is
insulated from the electron extraction electrode 110 via the
insulating layer 108. The insulating layer 108 can be a layered
structure defining a plurality of first openings 1080. Further-
more, the insulating layer 108 can be formed by a plurality of
strips spaced from each other, and the spaces between adja-
cent two strips are defined as the first opening 1080. The
cathode 108 can be located on the insulating substrate 102 and
exposed through the plurality of first openings 1080.

A material of the insulating substrate 102 can be silicon,
glass, ceramics, plastics, or polymers. A shape and a thick-
ness of insulating base can be selected according to actual
needs. The shape of the insulating substrate 102 can be cir-
cular, square, or rectangular. In one embodiment, the insulat-
ing substrate 102 is square, the length is about 10 mm, and the
thickness is about 1 mm.

The cathode 104 is a conductive layer. A material of the
cathode 104 can be pure metal, alloy, semiconductor, indium
tin oxide, or conductive paste. In one embodiment, the mate-
rial of the insulating substrate 102 is silicon, and the cathode
104 can be doped silicon. In one embodiment, the material of
the cathode 104 is a aluminum film with 20 micrometers. The
aluminum film can be deposited on the insulating substrate
102 via magnetron sputtering method.

The insulating layer 108 can be resin, plastic, glass,
ceramic, oxide, or their mixture. The oxide can be silica,
aluminum oxide, or bismuth oxide. In one embodiment, the
thickness of insulating layer 108 is about 100 micrometers.
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The material of the insulating layer 108 is a circular photo-
resist on the cathode surface of 104. The insulating layer 108
defines a round opening, and the cathode electrode 104 is
exposed through the round opening.

The electron extraction electrode 110 can be a layered
electrode with the through hole 1100. The electron extraction
electrode 110 can be a plurality of striped electrodes spaced
from each other. The space between adjacent two striped
electrodes is defined as the through hole 1100. The material of
the electron extraction electrode 110 can be metal material
with large rigidity such as stainless steel, molybdenum, or
tungsten. The material of the electron extraction electrode
110 can also be carbon nanotubes.

A thickness of the electron extraction electrode 110 can be
greater than 10 micrometers. In one embodiment, the thick-
ness of the electrode lead electrode 110 ranges from about 30
micrometers to about 60 micrometers.

The electron extraction electrode 110 can have an oblique
sidewall around the through hole 1100. An angle is defined
between the oblique sidewall and the surface of the insulating
substrate 102. The through hole 1100 can be in a shape of
inversed funnel, and the size of the through hole 1100 is
gradually narrowed along a direction away from the cathode
104. The through hole 1100 defines a second opening and a
fourth opening opposite to the second opening. The fourth
opening is adjacent to the cathode 104. Furthermore, an area
of the second opening is smaller than an area of the fourth
opening. The electron emitter structure 106 can be received in
the through hole 1100. A fourth span of the fourth opening
can range from about 80 micrometers to about 1 millimeter. A
second span of the second opening can range from about 10
micrometers to about 1 millimeter.

The sidewall of the through hole 1100 can be planar,
curved, or convex. Furthermore, a secondary electron emit-
ting layer can be located on the sidewall. While the electrons
from the electron emitter structure 106 impact the secondary
electron emitting layer, a plurality of secondary electrons can
be emitted from the secondary electron emitting layer. Thus
the quantity of electrons can be added, and the current density
can be improved. The material of the secondary electron
emitting layer can be oxide, such as magnesium oxide, beryl-
lium oxide, or diamond.

Referring to FIG. 2, the electron emitter structure 106 is in
a shape of peak. A height of the electron emitter structure 106
atthe central portion is the highest, and the height is gradually
decreased along a direction away from the center. Further-
more, the central portion of the electron emitter structure 106
faces to the center of the through hole 1100. The electron
emitter structure 106 comprises a plurality of electron emit-
ters 1060. The plurality of electron emitters 1060 are parallel
with each other. The electron emitter 1060 at the center of the
electron emitter structure 106 is the highest. The height of the
electron emitters 1060 are gradually decreased along the
direction away from the center of the electron emitter struc-
ture 106.

The material of the electron emitters 1060 can be carbon
nanotube, carbon fiber, or silicon nanofiber. Each of the plu-
rality of electron emitters 1060 comprises a first end 10602
and a second end 10604 opposite to the first end 10602. The
second end 10604 is adjacent and electrically connected to
the cathode 104, and the first end 10602 extends toward the
anode 112. The firstend 10602 is configured to emit electrons
as an electron emission terminal. The height of the plurality of
electron emitters 1060 is greater than the thickness of the
insulating layer 108, thus the first end of each of the plurality
of electron emitters 1060 can extend out of the first opening
1080.
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The electron emitter structure 106 is spaced from the side-
wall of the through hole 1100. Furthermore, a surface of the
electron emitter structure 106 away from the insulating sub-
strate 102 can be parallel with the sidewall. In detail, a dis-
tance between each first end 10602 and the sidewall of the
through hole 1100 is substantially the same. Thus the plural-
ity of first ends 10602 and the sidewall have substantially the
same distances. In one embodiment, a difference between the
distances can range from about 1 micrometer to about 50
micrometers. The distance can range from about 5 microme-
ters to about 100 micrometers. In one embodiment, the dis-
tance ranges from about 5 micrometers to about 50 microme-
ters to enhance the electron emission.

Furthermore, an ion bombardment resistance material can
be deposited on each of the plurality of electron emitters
1060. The ion bombardment resistance material can be zir-
conium carbide, hafnium carbide, or lanthanum hexaboride.
The ion bombardment resistance material can protect the
plurality of electron emitters 1060 from damage. Thus the
lifespan of the electron emitter structure 106 can be pro-
longed. Furthermore, because the work function of the ion
bombardment resistance material can be lower than the plu-
rality of electron emitters 1060, thus the drive voltage can be
reduced.

In one embodiment, the electron emitter structure 106 is a
carbon nanotube array having a plurality of carbon nanotubes
parallel with each other. The plurality of carbon nanotubes is
configured as the plurality of electron emitters 1060 and
extends into the through hole 1100. The carbon nanotube
array can be in a shape of round. A diameter of the carbon
nanotube array can range from about 50 nanometers to about
80 nanometers, the height of the carbon nanotubes can range
from about 10 micrometers to about 20 micrometers. A diam-
eter of each of the plurality of carbon nanotubes can range
from about 1 nanometer to about 80 nanometers.

Itcanbeunderstood, the plurality of electron emitters 1060
can extend into the through hole 1100. Furthermore, the plu-
rality of electron emitters 1060 can also not extends into the
through hole 1100, which means that the first end 10602 of
the electron emitter 1060 is lower than the fourth opening.
The distance between the plurality of first ends 10602 and the
sidewall of the through hole 1100 is the same.

A distance between each of the plurality of the first ends
10602 and the anode 112 is defined as a feature size d. The
feature size d can be greater than 50 micrometers and smaller
than 100 micrometers. Furthermore, because of the plurality
of electron emitters 1060 have different heights, the distances
between the plurality of first ends 10602 and the anode 112
are different. However, the feature size d still ranges from 10
micrometers to about 200 micrometers.

A pressure in the inner space of the electron emission
device 10 can smaller than or equal to 100 Pascal. In one
embodiment, the inner space of the electron emission device
10 is vacuum. Furthermore, the inner space can also be filled
with air or inert gas.

In one embodiment, while the inner space is filled with air,
the absolute temperature T is 300K, the pressure is 100 Pas-
cal, thus the mean free path &, of air molecular satisfies:

i

5% 10’3cm_
air = )

wherein p represents pressure in the electron emission device
10, and the unit is Torr. While p is 100 Pascal, the mean free
path ;. of air molecular is about 66 micrometers.
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While the mean free path &, of the electrons in the air at
300K satisfies:

Feoar= 2oy
while pis 100 Pascal, the mean free path &,_ . of the electrons

e-a
in the air is about 373 micrometers. Thus X, is greater than
the feature size d. Then the electrons can reach the anode 112,
and the electron emission device 10 has large current density.
In another embodiment, while the inner space of the elec-
tron emission device 10 filled with inert gas, the free path &,

of the electrons in the inert gas can be calculated by:

_ 4
~ ano?

wherein n represents molecular density of the inert gas; o is
effective diameter of the inert gas molecule; k=1.38x1072>
J/K; T is absolute temperature, p is pressure.

At T=300K, p=100 Pascal, the free path of the electrons at
different inert gas is shown in Table 1:

Inert gas Helium Neon  Argon  Krypton Xenon
Effective 2.18 2.6 3.7 4.2 49
diameter(107%m)

Free path(um) 1123 808 399 304 231

As shown in Table 1, the free path X, of the electrons in the
inert gas is greater than 200 micrometers. The feature size d of
the electron emission device is smaller than 200 micrometers.
Thus the free path X, is greater than the feature size d, the
electrons can reach the anode 112, the emission current is
greater than 100 microampere.

Furthermore, because of the feature size d of the electron
emission device 10 is smaller than 200 micrometers, and the
first end 102 of the electron emitters 1060 are near the anode
112, thus the driven voltage of the electron emission device 10
is small. Then the speed of the electrons from the electron
emitters 1060 is not accelerated so much, thus the electrons
cannot cause the ionization of the air or inert gas. Therefore,
the electron emission of the electron emission device 10
cannot be affected.

The material of the fixed part 114 can be insulating mate-
rial. The shape of the fixed part 114 can be same as the
insulating layer 108. The fixed part 114 defines a third open-
ing 1140 opposite to the first opening 1080 to expose the
electron emitters 1060. In one embodiment, the fixed part 114
can be insulating layers formed by screen printing.

The electron emission device 10 can further comprise a
resistor layer 116. The resistor layer 116 is sandwiched
between the electron emitter structure 106 and the cathode
104. The electron emitter structure 106 is electrically con-
nected to the cathode 104. The resistance of the resistor layer
116 is greater than 1 G2 to ensure that the cathode 114 can
uniformly apply current to the electron emitter structure 106.
The material of the resistor layer 116 can be metallic alloy of
nickel, copper, cobalt; the material of the resistor layer 116
can also be metallic alloy, metallic oxide, inorganic compo-
sition doped with phosphorus.

The anode 112 can be formed on a anode plate 14. The
anode plate 14 can be transparent. In one embodiment, the
anode plate 14 is glass. The anode 112 can be ITO or alumi-
num film.

Referring to FIG. 3, a field emission display 100 with the
electron emission device 10 is provided. The field emission
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6

display 100 comprises a cathode plate 12, a phosphor layer
18, and the electron emission device 10.

The cathode plate 12 supports the anode plate 14 via an
insulating support 15. The electron emission device 10, the
anode electrode 112, and the phosphor layer 18 are sealed by
the cathode plate 12, the insulating support 15, and the anode
plate 14. The anode 112 is located on the anode plate 14, and
the phosphor layer 18 is deposited on the anode 1112. The
phosphor layer 18 is spaced from the electron emission device
10. The electron emission device 10 is located on the cathode
plate 12.

A material of the cathode plate 12 can be glass, ceramic, or
silicon oxide. In one embodiment, the material of the cathode
plate 12 is glass. The phosphor layer 18 can defines a plurality
of lighting units, and each of the plurality of lighting units
face to one electron emitter structure 106 in the electron
emission device 10.

Referring to FIG. 4, a reflex klystron 200 comprises an
electron emission structure 50 and an electron reflector struc-
ture 60. The electron emission structure 50 comprises a cath-
ode 104, an electron extraction electrode 110, and an electron
emitter structure 106 received in a first substrate 202. The
electron reflector structure 60 comprises areflective electrode
208 and a second grid 212 located on a second substrate 204.
The pressure in the reflex klystron 200 is smaller than 100
Pascal. The first substrate 202 and the second substrate 204
are spaced from each other and coupled with each other to
form a resonant cavity. A lens 206 is located at one side of the
resonant cavity. The lens 206 is configured as an output por-
tion to output waveguide.

The electron emission device is similar to the electron
emission device 10, except that the electron emission device
further comprises a first grid 210, and the anode 112 is omit-
ted.

The first substrate 202 can defines a first cavity, and the
electron emission structure 50 is received in the cavity. The
first grid 210 is spaced from the electron extraction electrode
110 and cover the through hole 1100. While a voltage is
applied on the first grid 210, the electrons can be extracted
from the electron emitter structure 106.

The reflective electrode 208 is located on the second sub-
strate 202, and the second grid 212 is spaced from the reflec-
tive electrode 208. The second grid 212 is spaced from the
first grid 210. Furthermore, the second substrate 204 defines
a second cavity with a bottom surface and a side surface. The
reflective electrode 208 can be located at the bottom of the
second cavity, and the second grid 212 can suspend on the
cavity and face to the reflective electrode 208. The reflective
electrode 208 is configured to reflect the electrons. While a
voltage is applied between the reflective electrode 208 and the
cathode 204, a retarding field can be formed between the
second grid 212 and the reflective electrode 208 to decelerate
the electrons. The second grid 212 is spaced from the first grid
210 and face to the first grid 210.

The electrons can be emitted from the electron emitter
structure 106. The electrons can be accelerated by the first
grid 210 and the second grid 212 to form an electron beam
with enough current density. The electron beam can pass
through the first grid 210, the resonance cavity, and the sec-
ond grid 212. Thus the electron beam will be modulated by
the microwave field in the resonance cavity. After the electron
beam pass through the second grid 212, the electron beam
will be reflected by the retarding field. All the electrons will be
reflected by the retarding field. Thus the electron beam will be
modulated on density in the retarding field. Therefore, the
electrons will be oscillated in the resonance cavity. After the
electron beam is modulated on density it will pass through the
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resonance cavity again and exchange energy with the micro-
wave field. The kinetic energy of the electron beam will be
transferred to microwave field. The microwave will be
formed and output from the lens.

The material of the first substrate 202 and the second sub-
strate 204 can be metal, polymer, or silicon. In one embodi-
ment, the material of the first substrate 202 and the second
substrate 204 is silicon.

Both the first grid 210 and the second grid 212 can com-
prise a carbon nanotube layer. The carbon nanotube layer
defines a plurality of apertures to let the electrons pass
through. A size of the aperture can range from about 1 nanom-
eter to about 500 nanometers. Both the first grid 210 and the
second grid 212 can have a thickness greater than or equal to
10 micrometers. Furthermore, the thickness can range from
30 nanometers to about 60 nanometers. Thus the first grid 210
and the second grid 212 can have enough mechanical strength
to prolong the lifespan of the reflex klystron.

The carbon nanotube layer forms a pattern. The patterned
carbon nanotube layer defines the plurality of apertures. The
apertures can be dispersed uniformly. The apertures extend
throughout the carbon nanotube layer along the thickness
direction thereof. The aperture can be a hole defined by sev-
eral adjacent carbon nanotubes, or a gap defined by two
substantially parallel carbon nanotubes and extending along
axial direction of the carbon nanotubes. The size of the aper-
ture can be the diameter of the hole or width of the gap, and the
average aperture size can be in a range from about 10 nm to
about 500 pm, for example, about 50 nm, 100 nm, 500 nm, 1
pum, 10 um, 80 pm or 120 um. The hole-shaped apertures and
the gap-shaped apertures can exist in the patterned carbon
nanotube layer at the same time. The sizes of the apertures
within the same carbon nanotube layer can be different. In one
embodiment, the sizes of the apertures are in a range from
about 10 nm to about 10 um.

The carbon nanotubes of the carbon nanotube layer can be
orderly arranged to form an ordered carbon nanotube struc-
ture or disorderly arranged to form a disordered carbon nano-
tube structure. The term ‘disordered carbon nanotube struc-
ture’ includes, but is not limited to, a structure where the
carbon nanotubes are arranged along many different direc-
tions, and the aligning directions of the carbon nanotubes are
random. The number of the carbon nanotubes arranged along
each different direction can be substantially the same (e.g.
uniformly disordered). The disordered carbon nanotube
structure can be isotropic. The carbon nanotubes in the dis-
ordered carbon nanotube structure can be entangled with each
other. The term ‘ordered carbon nanotube structure’ includes,
but is not limited to, a structure where the carbon nanotubes
are arranged in a consistently systematic manner, e.g., the
carbon nanotubes are arranged approximately along a same
direction and/or have two or more sections within each of
which the carbon nanotubes are arranged approximately
along a same direction (different sections can have different
directions).

In one embodiment, all the carbon nanotubes in the carbon
nanotube layer are arranged to extend along the same direc-
tion. In another embodiment, some of the carbon nanotubes in
the carbon nanotube layer are arranged to extend along a first
direction, and some of the carbon nanotubes in the carbon
nanotube layer are arranged to extend along a second direc-
tion, perpendicular to the first direction.

In one embodiment, the carbon nanotube layer is a free-
standing structure and can be drawn from a carbon nanotube
array. The term “free-standing structure” means that the car-
bon nanotube layer can sustain the weight of itself when it is
hoisted by a portion thereof without any significant damage to
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its structural integrity. Thus, the carbon nanotube layer can be
suspended by two spaced supports.

The carbon nanotube layer can be a substantially pure
structure of the carbon nanotubes, with few impurities and
chemical functional groups. The carbon nanotube layer can
be a composite including a carbon nanotube matrix and non-
carbon nanotube materials. The non-carbon nanotube mate-
rials can be graphite, graphene, silicon carbide, boron nitride,
silicon nitride, silicon dioxide, diamond, amorphous carbon,
metal carbides, metal oxides, or metal nitrides. The non-
carbon nanotube materials can be coated on the carbon nano-
tubes of the carbon nanotube layer or filled in the apertures. In
one embodiment, the non-carbon nanotube materials are
coated on the carbon nanotubes of the carbon nanotube layer
so the carbon nanotubes can have a greater diameter and the
apertures can a have smaller size. The non-carbon nanotube
materials can be deposited on the carbon nanotubes of the
carbon nanotube layer by CVD or physical vapor deposition
(PVD), such as sputtering.

The carbon nanotube layer can include at least one carbon
nanotube film, at least one carbon nanotube wire, or a com-
bination thereof. In one embodiment, the carbon nanotube
layer can include a single carbon nanotube film or two or
more stacked carbon nanotube films. Thus, the thickness of
the carbon nanotube layer can be controlled by the number of
the stacked carbon nanotube films. The number of the stacked
carbon nanotube films can be in a range from about 2 to about
100, for example, about 10, 30, or 50. In one embodiment, the
carbon nanotube layer can include a layer of parallel and
spaced carbon nanotube wires. The carbon nanotube layer
can also include a plurality of carbon nanotube wires crossed
or weaved together to form a carbon nanotube net. The dis-
tance between two adjacent parallel and spaced carbon nano-
tube wires can be in a range from about 0.1 pm to about 200
um. In one embodiment, the distance between two adjacent
parallel and spaced carbon nanotube wires can be in a range
from about 1 pm to about 100 um. The size of the apertures
can be controlled by controlling the distance between two
adjacent parallel and spaced carbon nanotube wires. The
length of the gap between two adjacent parallel carbon nano-
tube wires can be equal to the length of the carbon nanotube
wire. It is understood that any carbon nanotube structure
described can be used with all embodiments.

In one embodiment, the carbon nanotube layer includes at
least one drawn carbon nanotube film. A drawn carbon nano-
tube film can be drawn from a carbon nanotube array that is
able to have a film drawn therefrom. The drawn carbon nano-
tube film includes a plurality of successive and oriented car-
bon nanotubes joined end-to-end by van der Waals attractive
force therebetween. The drawn carbon nanotube film is a
free-standing film. Each drawn carbon nanotube film includes
a plurality of successively oriented carbon nanotube seg-
ments joined end-to-end by van der Waals attractive force
therebetween. Each carbon nanotube segment includes a plu-
rality of carbon nanotubes parallel to each other, and com-
bined by van der Waals attractive force therebetween. Some
variations can occur in the drawn carbon nanotube film. The
carbon nanotubes in the drawn carbon nanotube film are
oriented along a preferred orientation. The drawn carbon
nanotube film can be treated with an organic solvent to
increase the mechanical strength and toughness, and reduce
the coefficient of friction of the drawn carbon nanotube film.
A thickness of the drawn carbon nanotube film can range
from about 0.5 nm to about 100 pm.

The carbon nanotube layer can include at least two stacked
drawn carbon nanotube films. In other embodiments, the
carbon nanotube layer can include two or more coplanar
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carbon nanotube films, and each coplanar carbon nanotube
film can include multiple layers. Additionally, if the carbon
nanotubes in the carbon nanotube film are aligned along one
preferred orientation (e.g., the drawn carbon nanotube film),
an angle can exist between the orientation of carbon nano-
tubes in adjacent films, whether stacked or adjacent. Adjacent
carbon nanotube films are combined by the van der Waals
attractive force therebetween. An angle between the aligned
directions of the carbon nanotubes in two adjacent carbon
nanotube films can range from about O degrees to about 90
degrees. If the angle between the aligned directions of the
carbon nanotubes in adjacent stacked drawn carbon nanotube
films is larger than O degrees, a plurality of micropores is
defined by the carbon nanotube layer. In one embodiment, the
carbon nanotube layer shown with the angle between the
aligned directions of the carbon nanotubes in adjacent
stacked drawn carbon nanotube films is 90 degrees. Stacking
the carbon nanotube films will also add to the structural
integrity of the carbon nanotube layer.

In one embodiment, the size of the aperture ranges from
about 10 micrometers to about 100 micrometers. Thus the
electrons absorbed by the first grid 210 and the second grid
212 can be reduced. Furthermore, the first grid 210 and the
second grid 212 have great mechanical strength.

Referring to FIG. 5, an electron emission device 20 of one
embodiment comprises an insulating substrate 102, a cathode
104, an electron emitter structure 106, an insulating layer 108,
an electron extraction electrode 110, and an anode 112.

The structure of the electron emission device 20 is similar
to the electron emission device 10, except that the electron
emitter structure 106 comprise a carbon nanotube wire, and
the carbon nanotube wire comprises a plurality of carbon
nanotubes.

The carbon nanotube wire can be untwisted or twisted.
Treating the drawn carbon nanotube film with a volatile
organic solvent can form the untwisted carbon nanotube wire.
Specifically, the organic solvent is applied to soak the entire
surface of the drawn carbon nanotube film. During the soak-
ing, adjacent parallel carbon nanotubes in the drawn carbon
nanotube film will bundle together, due to the surface tension
of'the organic solvent as it volatilizes. Thus, the drawn carbon
nanotube film will be shrunk into untwisted carbon nanotube
wire. The untwisted carbon nanotube wire includes a plurality
of carbon nanotubes substantially oriented along a same
direction (i.e., a direction along the length of the untwisted
carbon nanotube wire). The carbon nanotubes are parallel to
the axis of the untwisted carbon nanotube wire. Specifically,
the untwisted carbon nanotube wire includes a plurality of
successive carbon nanotube segments joined end to end by
van der Waals attractive force therebetween. Each carbon
nanotube segment includes a plurality of carbon nanotubes
substantially parallel to each other, and combined by van der
Waals attractive force therebetween. The carbon nanotube
segments can vary in width, thickness, uniformity, and shape.
Length of the untwisted carbon nanotube wire can be arbi-
trarily set as desired. A diameter of the untwisted carbon
nanotube wire ranges from about 0.5 nm to about 100 um.

The twisted carbon nanotube wire can be formed by twist-
ing a drawn carbon nanotube film using a mechanical force to
turn the two ends of the drawn carbon nanotube film in oppo-
site directions. The twisted carbon nanotube wire includes a
plurality of carbon nanotubes helically oriented around an
axial direction of the twisted carbon nanotube wire. Specifi-
cally, the twisted carbon nanotube wire includes a plurality of
successive carbon nanotube segments joined end to end by
van der Waals attractive force therebetween. Each carbon
nanotube segment includes a plurality of carbon nanotubes
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parallel to each other, and combined by van der Waals attrac-
tive force therebetween. Length of the carbon nanotube wire
can be set as desired. A diameter of the twisted carbon nano-
tube wire can be from about 0.5 nm to about 100 um. Further,
the twisted carbon nanotube wire can be treated with a vola-
tile organic solvent after being twisted. After being soaked by
the organic solvent, the adjacent paralleled carbon nanotubes
in the twisted carbon nanotube wire will bundle together, due
to the surface tension of the organic solvent when the organic
solvent volatilizes. The specific surface area of the twisted
carbon nanotube wire will decrease, while the density and
strength of the twisted carbon nanotube wire will be
increased.

Referring to FIGS. 6-7, the carbon nanotube wire com-
prises a first end and a second end. The first end is electrically
connected to the cathode 104. The carbon nanotube wire is
composed of a number of closely packed CNT bundles, and
each of the CNT bundles includes a number of CNTs, which
are substantially parallel to each other and are joined by van
der Waals attractive force. A diameter of the carbon nanotube
wire is in an approximate range from 1 to 100 microns. Each
CNT bundle comprises one carbon nanotubes extending out
of the CNT bundle and configured as the electron emission
terminal.

The CNTs at the second end form a tooth-shaped structure,
i.e., some of CNT bundles being taller than and projecting
above the adjacent CNT bundles. Therefore, the shielding
effect caused by the adjacent CNTs can be reduced. The
voltage applied to the carbon nanotube wire for emitting
electrons is reduced. The CNTs at the second end have
smaller diameter. Furthermore, the tooth-shaped structure is
similar to the sidewall of the through hole 1100. Thus a
distance between the electron emission terminals in the elec-
tron emitter structure 160 and the sidewall is substantially the
same. The distance can range from about 3 micrometers to
about 300 micrometers. A difference between the distances
can smaller than 100 micrometers.

Referring to FIG. 8, a reflex klystron 300 with the electron
emission device 20 of one embodiment comprises a first
substrate 202, a second substrate 204, a lens 206, a first grid
210, a second grid 212, a reflective electrode 208, and an
electron emission device 20.

The structure of the reflex klystron 300 is similar to the
reflex klystron 200, except that the electron emitter structure
106 is a carbon nanotube wire comprising a plurality of CNT
bundles.

Referring to FIG. 9, an electron emission device 30 of one
embodiment comprises an insulating substrate 102, a cathode
104, an electron emitter structure 106, an insulating layer 108,
an electron extraction electrode 110, and an anode 112.

The electron emission device 30 is similar to the electron
emission device 10, except that the electron emitter structure
106 in the electron emission device 30 comprises a conductor
118 and a plurality of electron emitters 1060.

A cross-section of the conductor 118 is in a shape of tri-
angle. The conductor 118 can be in a shape of pyramid or
circular cone. In one embodiment, the conductor 118 can
comprises a first surface 1182, a second surface 1184, and a
third surface 1186. The third surface 1186 is electrically
connected to the cathode 104. The first surface 1182 and the
second surface 1184 are parallel with the sidewall of the
through hole 1100. The first surface 1182 and the second
surface 1184 are intersected with each other. The plurality of
electron emitters 1060 are located on and electrically con-
nected to the first surface 1182 and the second surface 1184.

Referring to FI1G. 10, an electron emission device 40 of one
embodiment comprises an insulating substrate 102, a cathode
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104, an electron emitter structure 106, an insulating layer 108,
an electron extraction electrode 110, and an anode 112.
The electron emission device 40 is similar to the electron
emission device 30, except that the electron emitter structure
106 in the electron emission device 40 comprises a conductor
218 and a plurality of electron emitters 1060, and a shape of
the conductor 218 is hemisphere.
The conductor 218 has a curved surface 2182. The curved
surface 2182 faces to the sidewall of the through hole 1100.
The plurality of electron emitters 1060 are distributed on the
curved surface 2182.
The electron emission device and the reflex klystron have
following advantages. The pressure in the electron emission
device can smaller than 100 Pascal, the distance between the
electron emitters and the anode is greater than 10 microme-
ters and smaller than 200 micrometers, the electron emission
terminals of the electron emitters have the same distance to
the sidewall of the through hole, thus the electric field around
the plurality of electron emitters is substantially the same.
Then the current emission density of the electron emitter
structure can be improved, and THz wave can be conducted
out by the reflex klystron. Furthermore, the atmosphere in the
electron emission device can be air or inert gas, thus the
difficulty of maintaining vacuum can be avoided. In addition,
because the electron emitter structure has a shape of cone, and
the electron emitter in the central portion is highest, thus the
shielding effect can be reduced. Furthermore, the through
hole of the electron extraction electrode is in the shape of
inversed funnel, thus the electrons can be focused by the
through hole, and the current emission density can be
improved.
It is to be understood that the above-described embodi-
ments are intended to illustrate rather than limit the disclo-
sure. Any elements described in accordance with any embodi-
ments is understood that they can be used in addition or
substituted in other embodiments. Embodiments can also be
used together. Variations may be made to the embodiments
without departing from the spirit of the disclosure. The above-
described embodiments illustrate the scope of the disclosure
but do not restrict the scope of the disclosure.
Depending on the embodiment, certain of the steps of
methods described may be removed, others may be added,
and the sequence of steps may be altered. It is also to be
understood that the description and the claims drawn to a
method may include some indication in reference to certain
steps. However, the indication used is only to be viewed for
identification purposes and not as a suggestion as to an order
for the steps.
What is claimed is:
1. A reflex klystron, comprising:
a first substrate and a second substrate spaced from each
other, wherein the first substrate and the second sub-
strate are coupled together to form a resonant cavity;
alens, wherein the lens is located on an end of the resonant
cavity and configured as an output portion;
an electron emission device, wherein the electron emission
device is configured to emit a plurality of electrons into
the resonant cavity, the plurality of electrons are oscil-
lated in the resonance cavity, and the electron emission
device comprises:
an electron reflective structure on the second substrate,
wherein the electron reflective structure comprises a
reflective electrode and a second grid spaced from
each other;

an electron emission structure on the first substrate,
wherein the electron emission structure comprises a
cathode, an electron extraction electrode, an electron
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emitter structure, and a first grid, the electron extrac-
tion electrode defines a through hole surrounded by a
sidewall, the electron emitter structure comprises a
plurality of electron emitters extending into the
through hole, each of the plurality of electron emitters
comprises an electron emission terminal, so that the
electron emission structure has a plurality of electron
emission terminals, first distances between the plural-
ity of electron emission terminals and the sidewall are
substantially the same, a second distance between
each of the plurality of electron emission terminals
and the reflective electrode is greater than or equal to
10 micrometers and smaller than or equal to 200
micrometers, and a pressure in the electron emission
device is smaller than or equal to 100 Pascal.

2. The reflex klystron of claim 1, wherein a difference
between each two first distances is smaller than or equal to 50
micrometers.

3. The reflex klystron of claim 1, wherein the through hole
is in a shape of inversed funnel, the plurality of electron
emitters are received into the through hole and space from the
sidewall.

4. The reflex klystron of claim 3, wherein the through hole
defines a second opening and a fourth opening opposite to the
second opening, the fourth opening is adjacent to the cathode,
and the second opening is smaller than the fourth opening.

5. The reflex klystron of claim 4, wherein the electron
emission terminal extends into the fourth opening, and the
first distance between the electron emission terminal and the
sidewall is constant.

6. The reflex klystron of claim 1, wherein the electron
emitter structure is in a shape of peak, one of the plurality of
electron emitters in a center of the electron emitter structure is
the highest.

7. The reflex klystron of claim 6, wherein a height of each
of the plurality of electron emitters is gradually decreased
along a direction away from the center.

8. The reflex klystron of claim 1, wherein the electron
emitter structure is a carbon nanotube array comprising a
plurality of carbon nanotubes, a height of each of the plurality
of carbon nanotubes is gradually decreased from a center of
the carbon nanotube array.

9. The reflex klystron of claim 1, wherein the first distance
ranges from about 5 micrometers to about 100 micrometers.

10. The reflex klystron of claim 1, further comprising an
ion bombardment resistance material on each of the plurality
of electron emitters.

11. The reflex klystron of claim 10, wherein a material of
the ion bombardment resistance material is selected from the
group consisting of zirconium carbide, hafnium carbide, and
lanthanum hexaboride.

12. The reflex klystron of claim 1, wherein the electron
emitter structure comprises a carbon nanotube wire compris-
ing a plurality of carbon nanotube bundles, and each of the
plurality of carbon nanotube bundle comprises a plurality of
carbon nanotubes parallel with each other and extending
toward the sidewall.

13. The reflex klystron of claim 12, wherein one of the
plurality of carbon nanotubes extends out of other of the
plurality of carbon nanotubes.

14. The reflex klystron of claim 12, wherein a maximum
height of each of the plurality of carbon nanotube bundles is
gradually decreased from a center of the electron emitter
structure.

15. The reflex klystron of claim 1, wherein the second grid
is located between the first grid and the reflective electrode,
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and a third distance between the first grid and the second grid
ranges from about 3 micrometers to about 25 micrometers.

16. The reflex klystron of claim 1, further comprising a

resistor layer sandwiched between the cathode and the elec-
tron emitter structure, and a resistance of the resistor layer is
greater than 10 GQ.
17. A reflex klystron, comprising:
a first substrate and a second substrate spaced from each
other, wherein the first substrate and the second sub-
strate are coupled together to form a resonant cavity;
alens, wherein the lens is located on an end of the resonant
cavity and configured as an output portion;
an electron emission device, wherein the electron emission
device is configured to emit a plurality of electrons into
the resonant cavity, the plurality of electrons are oscil-
lated in the resonance cavity, and the electron emission
device comprises:
an electron reflective structure on the second substrate,
wherein the electron reflective structure comprises a
reflective electrode and a second grid spaced from
each other;

an electron emission structure on the first substrate,
wherein the electron emission structure comprises a
cathode, an electron extraction electrode, an electron
emitter structure, and a first grid, the electron extrac-
tion electrode defines a through hole surrounded by a
sidewall, the electron emitter structure comprises a
conductor and a plurality of electron emitters on the
conductor and extending toward the through hole,
each of the plurality of electron emitters comprises an
electron emission terminal, a distance between the
electron emission terminal and the sidewall is con-
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stant, and a pressure in the electron emission device is
smaller than or equal to 100 Pascal.

18. The reflex klystron of claim 17, wherein a cross-section
of the conductor is in a shape of triangle, the conductor
comprises a first surface and a second surface facing to the
sidewall, and the plurality of electron emitters are distributed
on the first surface and the second surface.

19. The reflex klystron of claim 17, wherein the conductor
is in a shape of hemisphere, the conductor comprises a curved
surface, and the plurality of electron emitters are distributed
on the curved surface.

20. An electron emission device, comprising:

an anode;

a cathode spaced from the anode;

an electron emitter structure electrically connected to the

cathode;

an electron extraction electrode insulated from the cathode

via an insulating layer, wherein the electron extraction
electrode defines a through hole surrounded by a side-
wall, and the electron emitter structure faces to the side-
wall;

wherein the electron emitter structure comprises a plurality

of electron emitters extending toward the sidewall, each
of the plurality of electron emitters comprises an elec-
tron emission terminal, a first distance between the elec-
tron emission terminal of each of the plurality of elec-
tron emitters and the sidewall is constant, a second
distance between the electron emission terminal and the
anode is greater than or equal to 10 micrometers and
smaller than or equal to 200 micrometers, and a pressure
in the electron emission device is smaller than or equal to
100 Pascal.



